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Background/Alms 

The purpose of this study was to determine important manometric metrics for the analysis of pharyngeal and upper esophageal 
sphincter (UES) function and to investigate the effect of viscosity and other confounding factors on manometric results. 

Methods 

Manometric studies were performed on 26 asymptomatic volunteers (12 men and 14 women; age, 19-81 years). The mano- 
metric protocol included 5 water swallows (5 mL), 5 barium swallows (5 mL) and 5 yogurt swallows (5 mL). Evaluation of 
high-resolution manometry parameters including basal pressure of the UES, mesopharyngeal contractile integral (mesophar- 
yngeal CI, mmHg -cm -sec), CI of the hypopharynx and UES (hypopharyngeal CI), relaxation interval of UES, median intrabolus 
pressure and nadir pressure at UES was performed using MATLAB. 

Results 

Mesopharyngeal CIs for barium and yogurt swallows were significantly lower than those for water swallows (both P < 0.05). 
Hypopharyngeal CIs for water swallows were significantly lower than those for barium swallows (P = 0.004), and median bolus 
pressure at UES for barium swallows was significantly higher than that for water and yogurt swallows (both P < 0.05). 
Furthermore, hypopharyngeal CI and median intrabolus pressure at UES were significantly related to age for 3 swallows (all P 
< 0.01 and P < 0.05, respectively). A significant negative correlation was also noted between nadir pressure at UES and age 
for water and yogurt swallows (all P < 0.05). 

Conclusions 

Manometric measurement of the pharynx and UES varies with respect to viscosity. Moreover, age could be a confounding vari- 
able in the interpretation of pharyngeal manometry. 
(J Neurogastroenterol Motil 2014;20:352-361) 
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Introduction 

Swallowing is a complex process involving multiple orophar- 
yngeal and upper esophageal sphincter (UES) muscles. Coordi- 
nated contractions of these muscles are under the control of the 
autonomic nervous system, and even a small damage to neurons 
can cause swallowing problems. Videofluoroscopic swallow eval- 
uation (VFSE) and fiberoptic endoscopic evaluation of swallow- 
ing (FEES) are 2 major tests used for the evaluation of orophar- 
yngeal dysphagia. VFSE can visualize the rapid sequence of 
swallowing events and helps to identify pathologic movements of 
the bolus, such as aspiration and pooling in the pyriform sinus 
and valleculae.^'^ However, interpretation of the results from 
VFSE and FEES is subjective, and can result in poor intra- 
observer reliability."^'^ Moreover, they can only show pathologic 
findings resulting from neuromuscular abnormalities instead of 
direct causes of dysphagia, and quantitative functional evaluation 
of pharyngeal and UES muscles is impossible with these 
methods.^ 

Accurate manometric evaluation of swallowing can be com- 
plicated by the temporal contractile rate of swallowing related 
muscles^ and upward movement of the UES during swallowing.^ 
However, these problems have been solved by the introduction of 
high-resolution manometry (HRM). The rapid contractile re- 
sponse can be accurately recorded with HRM,^ and 36 solid state 
sensors spaced at 1-cm intervals can overcome the problems re- 
lated to UES movement during deglutition.^ Several studies al- 
ready have reported detailed analyses of UES and pharyngeal 
muscles with a HRM and suggested normative values for mano- 
metric data.^'^^"^^ 

However, there are several points to consider in previous 
manometric analyses of UES and pharyngeal function. First, lit- 
tle data is available concerning the correlation between mano- 
metric and VFSE findings. HRM and VFSE could be comple- 
mentary to each other. Therefore, it would be more helpful to 
have the 2 tests performed simultaneously for a better under- 
standing of the mechanism of dysphagia. Second, previous stud- 
ies have used peak or mean pharyngeal pressure as a metric for 
pharyngeal contractility. However, in the analysis of esophageal 
motility, contractile integral (CI) was suggested to be a more reli- 
able index for contractility. CI is the volume of contraction when 
depicted as a 3 dimensional solid with the x, y, and z-axes repre- 
senting time, spatial domain and pressure magnitude, respec- 
tively.^^ Third, manometric findings of patients with dysphagia 



(especially UES relaxation) are usually very complicated, so it is 
not easy to use complex functions for the analysis of metrics. A 
simpler definition of UES relaxation interval may be more help- 
ful for the analysis of UES function of patients with dysphagia. 
Finally, there are several factors that affect manometric measure- 
ments, including age, gender^ ^'^^ and viscosity.^ 

The aims of this study were to determine important mano- 
metric metrics for the analysis of pharyngeal and UES function, 
and to investigate the effect of various confounding factors on 
manometric results. 

Materials and Methods 

Participants 

Twenty-six healthy adults were enrolled as participants via 
public advertisement or word of mouth. Subjects had no history 
of swallowing difficulty or upper gastrointestinal tract surgery, 
and no other significant medical conditions. The study protocol 
was approved by the Sungkyunkwan University Institutional 
Review Board, and informed consent was obtained from each 
participant. 

High-resolution Manometry 

A solid-state manometric assembly with 36 circumferential 
sensors spaced at 1-cm intervals (4.2 mm outer diameter) was 
used (Given Imaging, Los Angeles, CA, USA). Before the re- 
cording, transducers were calibrated at 0 and 300 mmHg using 
externally applied pressure. 

Study Protocol 

Simultaneous examination of videofluoroscopic swallow 
evaluation and high-resolution manometry 

After positioning a manometric catheter as described below, 
VFSE and HRM studies were performed at the same time with 
subjects seated in a chair. As soon as 5 mL of diluted barium 
(50%) was administered, a lateral view of swallowing was re- 
corded, fluoroscopy and manometric data were acquired, and 
then stored using Manoview software (Given Imaging). 

Effect of food viscosity on manometric results during 
pharyngeal phase of swallowing 

After a brief interview and examination to ensure the absence 
of gastrointestinal symptoms and to perform anthropometric 
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measurements, subjects underwent transnasal placement of the 
manometric assembly. Studies were done in the sitting position 
after at least an 8 -hour fast. The manometric catheter was posi- 
tioned to record from the hypopharynx to the UES and was fixed 
in place by taping it to the nose. The manometric protocol in- 
cluded a 5 -minute period to assess basal sphincter pressure, 5 
swallows of 5 mL water, 5 swallows of 5 mL yogurt (1,200 centi 
poise) and 5 swallows of 5 mL diluted barium (50%, 43.4 centi 
poise). 



Manometry Data Analysis 

Manometric data were analyzed using MATLAB (MathWorks; 
Natick, MA, USA) customized for processing binary mano- 
metric data into isocontour pressure plots and spatial pressure var- 
iation plots. This was done by exporting the binary manometry da- 
ta from ManoView in the ASCII text format for processing and 
storage. These ASCII files were then reconverted into a dou- 
ble-precision binary format for use in MATLAB, and isocontour 
or spatial pressure variation plots were generated (Fig. 1). 

Six important metrics of HRM were chosen for comparison 




B 




Start of deglutition --- 2 Seconds 



I 



Figure 1. Isobaric contour image 
generated from binary manometric data. 
(A) Manoview image of water 5 mL 
swallow (B) Isobaric contour generated 
from MATLAB program. Mesopha- 
ryngeal contractile integral (CI) was 
calculated by amplitude X duration X 
length (mmHg • cm • sec) of muscular 
contraction > 70 mmHg. CI of hypo- 
pharynx and upper esophageal sphincter 
(hypopharyngeal CI) was calculated in 
the same manner by amplitude X 
duration X length (mmHg • cm • sec) of 
muscular contraction > 70 mmHg for 2 
seconds after onset of deglutition. 



A B 




Figure 2. Isobaric and isoimpedance contour image within the upper esophageal sphincter (UES) during deglutitive relaxation. (A) Isobaric contour 
of the UES during deglutitive relaxation generated from MATLAB. Relaxation interval was defined as the duration of time from the onset at the point 
of departure from half the baseline to the offset at the return to half baseline pressure (indicated by dotted line) (B) Isobaric and isoimpedance contour 
during the UES relaxation interval. As the isoimpedance line gets closer to the starting point of UES contraction, the intervals between the lines become 
narrower and impedance increased. When relaxation comes to an end, low impedance lines change into lines with higher impedance, and the 
isoimpedance line changes its direction toward the right side of the image, not downward (orange arrow). 
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between swallows including: (1) basal pressure of the UES, (2) 
mesopharyngeal CI (mmHg • cm * sec), (3) CI of the hypophar- 
ynx and UES (hypopharyngeal CI [mmHg * cm * sec]), (4) re- 
laxation interval of UES (sec), (5) median intrabolus pressure 
and (6) nadir pressure at UES (Fig. 1 and 2). 

Basal pressure of UES was defined as the maximal pressure oc- 
curring during the normal respiratory cycle. To minimize sampling 
error, the mean of 5 consecutive values was derived (using the same 
methodology as that for the analysis of resting esophagogastric 
junction pressure parameters). Mesopharyngeal CI was calcu- 
lated by amplitude X duration X length (mmHg * cm • sec) of 
muscular contraction > 70 mmHg. The reference value; 70 
mmHg for CI of the mesopharynx was derived from the average 
pressure (67.47 ± 21.22 mmHg) generated by the tongue and 
posterior palate during water swallowing. Hypopharyngeal CI 
was calculated in the same manner by amplitude X duration X 
length (mmHg * cm * sec ) of muscular contraction > 70 mmHg 
for 2 seconds after the onset of deglutition. In this study, the me- 
dian value of the basal UES was 73.6 mmHg and so 70 mmHg 
was determined as a reference value for hypopharyngeal CI. 

Relaxation interval was defined as the duration of time from 
onset at the point of departure from half the baseline to the offset 
at the return to half baseline pressure.^ Median intrabolus pres- 
sure was the median pressure recorded during the relaxation 
interval. Nadir pressure was minimum UES pressure attained 
during relaxation. 

Statistical Methods 

All data are expressed as mean values ± standard deviation 
or median values (interquartile range; IQR). Comparisons of 
metrics among 3 swallow types were made by the paired t test and 
ANOVA test. The correlation between manometric parameters 
and confounding factors (age, sex, height, body mass index 
[BMI] , and waist and hip circumferences) was computed with 
Pearson's correlation. The alpha level of significance was set at P 
< 0.05. All analyses were performed using SPSS version 18 
(SPSS, Chicago, IL, USA). 

Results 

Twenty-six participants (12 males and 14 females) completed 
the manometric protocol. The mean age was 42.5 ± 18.7 years 
(19-29 years, 31%; 30-39 years, 31%; 40-49 years, 12% and 
50-81 years, 26%). The mean height and weight were 164.9 ± 
8.6 cm and 61.2 ± 10.0 kg, respectively. The mean BMI, waist 



circumference, and hip circumference was 22.4 ± 23 kg/m\ 79.3 
± 10.3 cm, and 95.3 ± 6.2 cm, respectively. Two out of 26 pa- 
tients (8%) were overweight (BMI > 25 kg/rn). 

Simultaneous Examination of 
Videofluoroscopic Swallow Evaluation and 
High-resolution Manometry 

The examinations were repeated 3 times for each patient. 
Pictures of VFSE were compared and matched to the findings of 
HRM over time. Isobaric contours in HRM were related to the 
specific structural regions on the pharynx and UES. Sensors 
were located on the same line of the soft palate (seventh), epi- 
glottis (12th), and hypopharynx (13-17th) (Fig. 3A). About 1 
second after swallowing, food bolus began to be pushed to the 
back of the mouth by the tongue, and the HRM catheter was dis- 
placed upward and backward (Fig. 3B). About 1.7 seconds after 
swallowing, a large amount of food remnants were noticed under 
the epiglottis on VFSE and increased pressure was detected by 
the sensor located on the mesopharynx. Next, increased pressure 
was detected by the 15th sensor located in the hypopharynx (Fig. 
3C). Two seconds after swallowing, food remnants began to go 
through the hypopharynx and UES on VFSE, followed by hypo- 
pharyngeal muscular contraction on HRM (Fig. 3D). At 2.2 
seconds after swallowing, a small amount of barium staining was 
noticed on the hypopharynx, and UES contraction was found on 
HRM (Fig. 3E). Three seconds after swallowing, barium stain- 
ing on the hypopharynx was nearly gone on VFSE, and UES 
contraction almost stopped and returned to the basal state of 
UES on HRM (Fig. 3F). 

Effect of Food Viscosity on the Manometric 
Results During Pharyngeal Phase of 
Swallowing 

Table lists the mean ± SD and median with IQR values for 
mesopharyngeal CI, hypopharyngeal CI, relaxation duration of 
UES, nadir pressure and median intrabolus pressure at UES of 3 
swallow types. Manometric parameters were different for meso- 
pharyngeal CI, hypopharyngeal CI and the median intrabolus 
pressure at UES after administration of 5 mL of water, barium 
and yogurt. Mesopharyngeal CIs for barium and yogurt swal- 
lows were significantly lower than those for water swallows (P — 
0.029 andP = 0.012, respectively. Fig. 4). Also, hypopharyngeal 
CIs for water swallows were significantly lower than those for ba- 
rium swallows (P = 0.004, Fig. 5). The median intrabolus pres- 
sure at UES for barium swallows was significantly higher than 
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Figure 3. Simultaneous evaluation of videofluoroscopic swallow evaluation (VFSE) and high-resolution manometry (HRM). (A) Seventh, 12th and 
13- 17th sensors were located on the same line of the soft palate, epiglottis and hypopharynx, respectively (B) About 1 second after swallowing, the food 
bolus began to be pushed to the back of the mouth by the tongue, and the HRM catheter was displaced upward and backward (C) About 1 .7 seconds 
after swallowing, a large amount of food remnants was noticed under the epiglottis on VFSE, and increased pressure was detected by the sensor located 
on the mesopharynx. Next, increased pressure was detected by the 15th sensor located in the hypopharynx (D) Two seconds after swallowing, food 
remnants began to go through the hypopharynx and UES on VFSE and hypopharyngeal muscular contraction started on HRM (E) At 2.2 seconds 
after swallowing, a small amount of barium staining was noticed on the hypopharynx and UES contraction was found on HRM (F) 3 seconds after 
swallowing, barium staining on the hypopharynx was nearly gone on VFSE, and UES contraction almost stopped on HRM. 
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Figure 4. Comparison of mesopharyngeal contractile integral (CI) for 3 
swallows. Mesopharyngeal CIs for barium and yogurt swallows were 
significantly lower than those for water swallows. 
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Figure 5. Comparison of hypopharyngeal contractile integral (CI) for 3 
swallows. Hypopharyngeal CIs for water swallows were significantly 
lower than those for barium swallows. 



that for water and yogurt swallows (P = 0.000 and P = 0.013, 
respectively, Fig. 6). In contrast to these 3 parameters, there were 
no significant differences in the relaxation duration of UES and 
nadir pressure at UES among the 3 swallow types (P = 0.055 
andP = 0.165, respectively). 

In the analysis of the relationship between 6 confounding fac- 
tors of HRM (age, sex, height, BMI, waist and hip circum- 
ferences) and 7 metrics of manometry, a significant correlation 
was shown between hypopharyngeal CI and age for 3 swallows, 
(water 5 mL: y = —0.538, barium 5 mL: y = —0.514 and yo- 
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gurt 5 mL: y = —0.657; all P < 0.01, respectively; Fig. 7A), 
and between median intrabolus pressure at UES and age for 3 swal- 
lows, (water 5 mL: y = —0.494, barium 5 mL: y = —0.559 and 
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Figure 6. Comparison of median intrabolus pressure at upper 
esophageal sphincter (UES) for 3 swallows. Median intrabolus 
pressure at UES for barium swallows was significantly higher than that 
for water and yogurt swallows. 



yogurt 5 mL: y = -0.617; P = 0.010, P = 0.003 and P = 
0.001, respectively; Fig. 7B). Furthermore, nadir pressure at 
UES was significantly related to age for water and yogurt swal- 
lows (water 5 mL: y = — 0.396 and yogurt 5 mL: y = ~ 0.476; 
all P < 0.05, respectively; Fig. 7C). However, there was no sig- 
nificant relationship between age and basal UES pressure (P > 
0.05). No gender difference existed in the metrics for the 3 swal- 
low types (P > 0.05). 

Discussion 

In the current study, we attempted to show the relationship 
between the results of HRM and VFSE by performing 2 tests si- 
multaneously, and compared seven metrics of HRM among 3 
swallow types: water, barium and yogurt (all 5 mL). Differences 
were found in the values of mesophayngeal CI, hypopharyngeal 
CI and the median intrabolus pressure at UES. Furthermore, 
hypopharyngeal CI and median intrabolus pressure at UES were 
significantly related to age for all 3 swallows. A significant neg- 
ative correlation was also noted between nadir pressure at UES 
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Figure 7. Correlation between metrics for 3 swallows and age. (A) 
Correlation was significant between hypopharyngeal contractile 
integral (CI) and age for 3 swallows, (all P < 0.01, respectively) and 
(B) between median intrabolus pressure at UES and age for 3 
swallows, (P = 0.010, P = 0.003 and P = 0.001, respectively) (C) 
Nadir pressure at upper esophageal sphincter was significantly related 
to age for water and yogurt swallows (all P < 0.05, respectively). 
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and age for water and yogurt swallows. 

Most of our results were consistent with the results of earlier 
pharyngeal manometry studies. Values of UES relaxation inter- 
val, nadir pressure and intrabolus pressure of a previous report 
were quite similar to ours, and the finding that intrabolus pres- 
sure at UES was significantly increased with increased viscosity 
was also consistent with our results. In regard to UES relaxa- 
tion interval, although some researchers have reported an increase 
in UES relaxation time with increasing viscosity,^ others have de- 
scribed no increase in UES relaxation. ^^"^^ Similarly, no increase 
in nadir pressure at UES with increasing viscosity in the present 
study also coincides with previous observations.^'^ ^ However, our 
findings were not always consistent with previous findings. 
Concerning pharyngeal contractility, greater mesopharyngeal CI 
for water swallowing was noted than that for yogurt or barium 
swallowing. This finding was not in agreement with previous re- 
ports that showed altered peak pharyngeal pressure in relation to 
volume, but not consistency,^^ and no significant effects on vis- 
cosity and volume in peak pressures for the upper pharyngeal 
location.^ It is likely that the longer duration of mesopharyngeal 
contraction for water swallow than barium or yogurt swallow was 
responsible for this difference. Similarly, our finding that hypo- 
pharyngeal CI, nadir pressure and median intrabolus pressure at 
UES were significantly decreased with age was not consistent 
with earlier studies that reported older adults had markedly high- 
er nadir pressure at UES and pharyngeal contraction than 
younger adults.^'^^ The reason for this is not clear; however, it 
might be due to the differences in demographic factors between 
populations studied such as age, obesity and racial background. 

Interestingly, the median intrabolus pressure for barium 
swallow was significantly greater than that for water and yogurt. 
Certainly, the finding that the median bolus pressure for barium 
and yogurt swallow was greater that for water swallow was con- 
sistent with previous findings. However, barium is less viscous 
compared to yogurt, and the median bolus pressure for barium 
should be lower than that for yogurt swallow. One possible ex- 
planation for this difference could be the fact that pressure was in- 
creased as the weight of the fluid increased.^^ In the present 
study, the weight of barium 5 mL (128 g) was almost twice as 
that of yogurt (62 g). Also, increased hypopharyngeal CI for ba- 
rium swallow could be another explanation for this discrepancy. 

Until recently, researchers have investigated pharyngeal con- 
tractility by estimating the peak pharyngeal pressure at 2 anatom- 
ical locations; upper and lower pharynx, or velo, meso-, or 
hypopharynx.^'^^'^^ However, peak pharyngeal pressure only 



shows the highest pressure for a short time and it is difficult to say 
that it represents the contractility of the whole pharynx. CI was 
recently developed as a way of quantifying the overall vigor of 
contraction, and it is known to be sensitive in delineating abnor- 
malities involving sustained or hypertensive esophageal contrac- 
tions.^^ In this study, we tried to make an adequate tool for the 
evaluation of pharyngeal and UES contractility based on the si- 
multaneous examination of VFSE and HRM. CI was used for 
the quantification of contractility instead of peak pressure, and 
pharyngeal contraction segments on the HRM were divided into 
2 structural lesions: meso- and hypopharynx based on the con- 
suming time, feasibility and reproducibility. 

According to the simultaneous examination of VFSE and 
HRM, it takes only 0.5-0.8 seconds for food to pass through the 
mesopharynx and about 1 second to go through the hypopharynx. 
A significantly short time was required to complete swallowing 
and this made it difficult to divide the pharynx into more func- 
tionally distinct regions. Therefore, the pharynx was simply div- 
ided into 2 anatomical locations: the mesopharynx and the 
hypopharynx. Moreover, an accurate separation of the meso- and 
hypopharyngeal area on HRM was essential for the proper calcu- 
lation of CI. With a reference value of 70 mmHg, the meso- and 
hypopharynx could be demarcated without difficulty. However, 
the hypopharynx and UES could not be separated functionally, 
since their contraction occurred successively in a very short peri- 
od of time. As a result, CI of the hypopharynx was calculated 
along with that of UES. In addition, the contraction time for CI 
of hypopharynx and UES was determined as 2 seconds, since 
about 2 seconds were required for the complete evacuation of 
remnant food on VFSE (Fig. 3F). The muscle contraction time 
after the closure of UES was consistent with a previous report of 
a pharyngeal transit time of 1.01 ±0.24 seconds for a 3 mL water 
swallow.^"^ 

In this study, UES relaxation parameters were measured us- 
ing an established method. Median intrabolus pressure and na- 
dir relaxation pressure could be calculated as previously report- 
ed. However, when relaxation interval was estimated, a few prob- 
lems developed. First, the point of inflexion (defined as the point 
at which the slope of the curve changed from positive to negative) 
could change according to the usage of different equations (i.e., 
quadratic or cubic equation). Second, objective application of 3 
line segments to the curve was not always possible. Third, the 
measuring method was too complex to apply to the HRM results 
of patients with dysphagia. Generally, HRM findings of patients 
with dysphagia were more complicated than those of normal 
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subjects. Therefore, the old definition of UES relaxation interval 
was employed in this work. 

A limitation may definitely exist in this method, including 
failure to draw a distinction between intrabolus pressure and 
muscular contraction pressure within the closed sphincter. In or- 
der to overcome this pitfall, the MATLAB program capable of 
showing isobaric contour with the line of half basal UES pressure 
and isoimpedance contour within the UES was developed. 
Figure 2B represents the isobaric and isoimpedance contour dur- 
ing the UES relaxation interval. As the isoimpedance line gets 
closer to the starting point of UES contraction, the intervals be- 
tween lines become narrower and impedance increases. When re- 
laxation comes to an end, low impedance lines change into lines 
with higher impedance, and the isoimpedance line changes direc- 
tion toward the right side of the image, not downward (orange ar- 
row). Although this method is a little subjective, it could be help- 
ful to distinguish intrabolus pressure and the muscular con- 
traction pressure of UES. 

In the beginning of this study, a reference value for CI of 
mesopharynx was determined as a lower normal average pressure 
of pharynx. According to the descriptive statistics for the ampli- 
tude range during swallowing, pressure values tend to rise from 
the front to the back of the mouth. At the back of the mouth, the 
lower average pressure amplitude for water was about 40-50 
mmHg, and 40 mmHg was selected as a reference value. 
However, with 40 mmHg, several problems occurred including 
difficulty in delineating bolus pressure and pressure by phar- 
yngeal muscular contraction, and increased manometric artifacts 
resulting from external compression. Therefore, the upper aver- 
age pressure amplitude, 70 mmHg, was chosen as a new refer- 
ence value for mesopharyngeal CI. However, no significant dif- 
ferences were detected between mesopharyngeal CIs with the ref- 
erence values 40 mmHg and 70 mmHg (P > 0.05). 

Similarly, there were several reasons why the reference value 
for hypopharyngeal CI was determined as 70 mmHg. First, re- 
searchers have reported that average resting UES pressure was 
50-70 mmHg. '' '''' Median resting UES pressure in our study 
was also very similar to that value; 78.8 mmHg (range, 68.8-102.3). 
Second, if the reference value is set too low, it would be very diffi- 
cult to distinguish muscular contraction by UES and upper 
esophageal sphincter. Lastly, 70 mmHg was again used as the 
reference value for mesopharyngeal CI. Therefore, using the 
same criteria for hypopharyngeal and Hypopharyngeal CI with 
mesopharyngeal CI may be easier to remember and more con- 
venient for use in clinical practice. 



In conclusion, simultaneous examination of HRM and 
VFSE was helpful in understanding the swallowing mechanism. 
Manometric measurements of the pharynx and UES varied with 
respect to viscosity. Moreover, age could be a confounding varia- 
ble in the interpretation of pharyngeal manometry. Therefore, fu- 
ture studies should aim to verify HRM with this analysis method 
to further understand the mechanism of dysphagia after consider- 
ing the aforementioned confounding factors. 
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